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ABSTRACT 

Daily composite charts of outgoing long-wave radiation between latitudes 55@P;. and 55's. were derived from 
TIROS I1 measurements for 26 days between late November 1960 and early January 1961. Samples of these charts 
reveal the wealth of information available about the radiation patterns over the earth and about the synoptic dis- 
tributions of the major cloud fields. Mean maps of outgoing long-wave radiation for four periods of generally more 
abundant radiation data portray the broad-scale variations in the radiation pattern both geographically and in time. 
For the Northern Hemisphere these maps show how the long-wave radiation varied during some very largescale 
changes in 700-mb. mean flow which were part of a remarkable energy, or index, cycle in this period. Most pro- 
nounced were the sharp decreases in outgoing radiation that accompanied the penetration of westerlies into the sub- 
tropics where anticyclones had prevailed previously. In  the Southern Hemisphere some sizable temporal variations 
also occurred; these appeared to be representative of a change in circulation from a zonal t o  a more meridional type. 
Average latitudinal profiles of the outgoing radiation for these four mean periods and for the entire 26 days are also 
presented. The overall distribution shows maxima of outgoing radiation near 2OON. and 20OS. whh lower values 
toward higher latitudes in both hemispheres and in equatorial regions. Comparisons of these measurements from 
TIROS 11 with previous estimates of outgoing long-wave radiation by investigators of the heat budget show relatively 
good agreement.. 

PREFACE 

One of Dr. Harry Wexler's major interests in meteor- 
ology was in the atmospheric heat sources and their 
relation to the general circulation. In  his strong advocacy 
of ineteorological satellites in the mid-1 950's he foresaw 
the possibilities of measuring time variations in the radia- 
tive energy supply received by the earth-atmosphere 
system to  see how they were related to changes in the 
planetary flow patterns over a broad spect'rum of time 
periods ranging from days to  many years. He was hopeful 
that satellite data would reveal connections between 
heating in equatorial regions and circulation changes in 
temperate latitudes of both hemispheres and that they 
would also reveal more about interactions between the 
circulation regimes in the two hemispheres. 

Investigations of these questions with the aid of satellite 
radiation data are in their very early stages, but already 
there are signs that some of his hopes may be fulfilled. 
In  the ensuing report of a study of outgoing long-wave 
radiation measurements, it may be seen that one is now 
able to demonstrate on a quantitative basis how this 
radiation varies with the circulation both in space and 
with time. It is anticipated that additional satellite data 
will allow for a t  least some crude estimates of the net 
radiational heating, and thus will allow us to look into the 

more difficult question of how the radiation affects ensuing 
changes in the circulation and its energetics. 

It is clear that we are now on the threshold of many 
broad-scale investigations of the relationships between the 
heat budget as measured by satellites and the genera1 
circulation. To a great extent the stimulation of research 
in this area stemmed from Wexler's enthusiastic convic- 
tion that meteorological satellite data would provide new 
answers to some very fundamental questions about the 
behavior of the circulation of planet Earth. 

1. INTRODUCTION 

In an earlier paper [20] the writers presented a prelimi- 
nary large-scale analysis of outgoing long-wave radiation 
measurements made by the TIROS 11 meteorological 
satellite. That study was based on daily composite charts 
of radiation data for the Northern Hemisphere between 
latitudes 20'N. and 55°K. for a total of 25 days in late 
November and December 1960. The present study is 
also based on daily composite charts of TIROS I1 data, 
but for the entire latitudinal range of the satellite data 
from 55'N. to  55"s. The period of study is nearly the 
same as in the previous more limited study-a total of 26 
days between late November 1960 and early January 1961. 
In  this paper the radiation data are shown in more detail 
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in terms of both daily and time-averaged global charts. 
Comparisons of radiation data with the planetary-scale 
circulation and its energetics are still limited to the Korth- 
ern Hemisphere, but more details of the relationships 
between the radiation fields and the large-scale circulation 
are presented. 

2.  DATA USED 

The net outgoing long-wave radiation data studied in 
this paper are derived from measurements by channel 4 
of the fiye-channel radiometer on TIROS I1 [3]. This 
channel nieasures intensity of radiation in the spectral 
range of approximately 7-33 microns. The measurements 
are made at  differing zenith angles which rary over each 
scan of the radiometer and over each orbital pass of the 
satellite. The filter of the channel 4 radiometer has a 
transmittance which is not invariant with wavelength. 
All of these characteristics offer limitations which must be 
overcome to derive the total outgoing radiative flux.. 
Methods of adjusting these data to  obtain values of radia- 
tive flus from any channel 4 measurement have been 
developed by Warlr e t  al. [16, 171 and their procedures 
were applied to the data used in this study. (Admittedly 
their procedure was a first approximation, particularly in 
regard to limb-darkening effects, and it is likely that newer 
corrections based on empirical limb-darkening for TIROS 
I1 data would make for somewhat greater accuracy in the 
flux values, but these hare not as yet been applied to these 
data.) 

These adjusted channel 4 data have been examined on a 
broad scale through use of daily composite radiation 
charts, each consisting of all radiation data obtained within 
one day's sequence of orbital passes. These charts were 
prepared on a Mercator map projection covering the entire 
latitudinal range of the data (approximately 55"N.-55" S.) .  
The actual observation times for these composites 
cover a considerable portion of a 24-hr. period as the 
orbital track shifts westward with time due to the rotation 
of the earth. At any given latitude (except north of about 
40"N. and south of about 40"s.) the measurements are 
taken very close to either one or two' specific local times 
during a 24-hr. period. At latitudes poleward of 4OO.N. 
or 40 O S . ,  there may be ox-erlapping of observational scans 
from several successive orbital passes (as many as four or 
possibly fim orbital passes at locations farthest poleward), 
so that data are obtained at successive intervals of about 
1% to 2 hours. In all cases where measurements from two 
or more scans were obtained in a given day for a given grid 
point2, all the data were simply areraged together without 
regard to observation time. 

I n  addition to being limited to the region between 

1 Two different tiines i f  data iroin both a northbound and southbound orbital pasq are 
recoired in a day-about 12 hours apart in equatorial regions Coverage on both north- 
and southbound passes 1s restrlctcd to regions 111 the vicmity of North and Central 
America because of locations of data-acquisition stations 

2 Each datum was awgned to the closest grid point in a square array on the Mercator 
projection Grid spacing WAS 2 5 O  long. In degrees latitude this -varies from 2 5O at the 
equator to about 1 75' at la itude 50°. 

~ 

OCTOBER-DECEMBEB 1963 



OCTOBER-DECEMBER 1963 MONTHLY WEATHER REVIEW 643 

latitudes 55” N. and 55” S. because of the orbit of TlROS 
11, the global coverage of radiation data was limited by 
the basic masimum number (8 to 9 per day) of orbital 
passes that could be interrogated by the two acquisition 
stations, by technical problems in interrogating on all 
possible orbital passes or obtaining a sufficiently noise-€ree 
signal, and by the elimination of data from two of the 
three scanning modes of the 5-channel radiometer because 
of uncertainties of data 10cation.~ 

The TIROS IT Users’ Manual [I51 indicates that the 
channel 4 radiometer deteriorated after pass 650 (January 6, 
1961) and that any data beyond that pass are of doubt- 
ful accuracy. Others have raised the possibility of some 
deterioration in the channel 4 radiometer a t  an earlier 
time [19], but this is not definitely established and our 
analysis of the data does not indicate any definite deteri- 
oration before pass 650. From these orbital passes of 
TIROS I1 prior to January 6, 1961, we selected those days 
when there were sufficient data to prepare “global” 
composite radiation charts. The definition of “suf- 
ficient” is of course subjective, but we chose to construct 
composite radiation charts only on those days when at  
least three orbital passes of usable radiation data were 
acquired. This was the case on 26 days between late 
November 1960 and early January 1961. 

Geographically the coverage of radiation data was highly 
variable during these 26 days due to  the nature of the 
TIROS I1 orbit and the locations of the two data-acquisi- 
tion stations. This is shown in figure 1 where it may be 
seen that in some areas such as the southern Tndian 
Ocean, the South Pacific Ocean, southern Australia, 
portions of the United States, the eastern Atlantic, 
Europe, and the Middle East there was rather good 
coverage, whereas there was very little or no data coverage 
over South America and vicinity and much of Asia. 
Also there were relatively few data in equatorial regions 
(10 “N.-10 O S . )  at  most longitudes, largely because of the 
elimination of data obtained in the “closed mode” which 
occurred mainly in these latitudes. These large gaps in 
the data often make it difficult to compare latitudinal or 
longitudinal distributions of outgoing long-wave radiation 
from one day to another. However, esamination of the 
data coverage on the 26 daily composite charts showed 
that there were four periods of 4 or 5 days each, in which 
all or nearly all of the days had more than the niinimum 
number of orbital passes of data. These four periods 
were selected for making most of the ensuing broad-scale 
examinations of the data in both space and time. 

3. DAILY COMPOSITE RADIATION CHARTS 

Samples of daily coniposite radiation charts for three 
days of very good data coverage (data from 6-8 orbital 
passes per day) are shown in figures 2 4 .  A striking fea- 

a Only data obtained the in single open mode were used; data acquired in the alternat- 
ingopenorclosedmodes w’cc excluded (cf., [21). Fortunately tbemode retained wa$ the 
most dominant of the three modcs of operation. 

704-066-63--12 

ture of these charts is the extent of data coverage obtain- 
able from 6-8 orbital passes (out of a potential of 14-15 
per day which could be interrogated if additional interro- 
gation facilities and power supply had been available). 
This coverage, even with the elimination of certain modes 
of radiation sensor operation as discussed above, is con- 
siderably greater than coverage by television pictures. 
This is so because the television cameras can usually take 
pictures only over about 15-20 percent of each orbital 
pass and only during the daylight portion, whereas the 
radiation data are gathered over nearly the entire orbital 
pass. Naturally then each composite radiation chart con- 
tains data taken both day and night. Pigure 5 shows 
the regions of day-night coverage for the radiation data 
of figure 2. The day-night zones shift gradually eastward 
along the orbital passes with time (about 5’ long. per 
day), so these is little difference in the regions of day- 
night coverage for figures 3 and 4. However, over a 
period of about 36 days the regions of day and night 
coverage would be almost completely reversed. 

Even t’hough much small-scale detail has already been 
smoothed out through use of the relatively large grid 
spacing and in some places through the averaging of data 
in overlapping orbits, the radiation patterns in figures 
2 4  exhibit much detail. For the most part these radia- 
tion patterns are related to  the fields of cloudiness over 
the earth, since the overall outgoing infrared radiation 
is highly correlated with the radiation in the water-vapor 
window region, and the latter is rather well related to 
the cloud distributions. Thus low values of radiation are 
generally associated with well-defined regions of middle 
or high clouds and high values are representative of 
regions of low, scattered, or no clouds (cf., [ 5 ,  131): 

In  view of these relationships it is readily apparent 
that much widely diversified information about weather 
systems in many parts of the earth can be deduced from 
figures 2-4. For instance, it is evident that the inter- 
tropical convergence zone (or zones) was very active from 
the central Pacific westward across the Indian Ocean in 
view of the predominance of low radiation values, whereas 
it m7as rat,her inactive over the eastern Pacific and the 
Atlantic where radiation values were relatively high. 

Over the temperate latitudes of the Northern Hem- 
isphere the areas of low outgoing radiation generally 
agreed well with the locations of the cloudiness of the 
cyclones and fronts as found on the synoptic charts (not 
shown here) while the higher values of outgoing radiation 
were associated with the cold anticyclones in the westerlies 
and the subtropical anticyclones to the south of the 
westerlies. Time continuity of radiation maxima and 
minima can be followed in figures 2 4  in many parts of 
the Northern Hemisphere. 

In  the South Pacific there were several alternating 

4 Exceptions to these relationships are of course possible. For example, over snow- 
covered continental areas, low radiation values may occur with clear skies as well as 
with high clouds. However, for the predominant portions of the earth covered by  
radiation data in figures 2 4 ,  the cloud distribution has the strongest influence on the 
radiation field. 
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FIGURE 5.-The regions of daytime and nighttime observations and the day-night overlap regions for TIROS I1 channel 4 radiation data 
coverage on January 1-2, 1961 (data in fig. 2 ) .  

zones of low and high radiation values, basically oriented 
northwest-southeast between the east coast of Australia 
and the central Pacific. These zones generally have 
clearcut continuity in time in the series of maps. Most 
interesting is the great latitudinal extent of these zones 
of low and high values of radiation. Indeed it is surprising 
that in the summer season the convergence and divergence 
patterns (presumably associated with these radiation 
fields) were so simply organized over such large latitudinal 
ranges . 

Since these portions of the orbital passes were in 
daylight (fig. 5 )  and since the camera viewing angle was 
satisfactory, there are television pictures of much of this 
region. Although picture quality on TIROS TI was 
relatively poor, nephanalyses were routinely prepared and 
a composite nephanalysis for Jabuary 1-2, 1961, is shown 
in figure 6. Comparison of this nephanalysis with figure 
2 confirms that the regions of low rLdiation values were 
generally associated with large-scale overcast or broken 
cloudiness and that high radiation values occurred mainly 
in regions of little cloudiness. The agreement, however, 
is not perfect and this is generally to be expected. First 
of all the nephanalyses were those prepared operationally 
from pictures of poor quality, which makes the 
nephanalyses less accurate than normal both in inter- 
pretation of cloudiness and in precise location of cloud 
fields. Furthermore, there are bound to be situations 
when overcast or broken clouds consist mainly of low 
cloudiness which would result in relatively high radiation 
values (cf. [ 5 ,  131). This may possibly explain the 
discrepancy between figures 2 and 6 in such places as 
east-central Australia and Tasmania, where for example 
a zone of high values of outgoing radiation, oriented 
northwest-southeast, was found in a region where 
considerable cloudiness was analyzed from the pictures. 

Much detailed study of the radiation patterns shown 
in figures 2-4 (as well as the 23 other daily composite 
radiation charts prepared from TIROS 11: data) can be 
made relative to synoptic weather systems; e.g., similar to 
what was done with Explorer VI1 data by Weinstein and 
Suomi [18]. I n  fact, this can probably be accomplished 
with more certainty than in their study since the coverage 
of the TIROS data was generally more comprehensive 
spatially than the Explorer VI1 coverage. However, we 
have proceeded no further with such study of the data, but 
have rather concentrat,ed on broader-scale study of the 
radiation data by means of temporal and spatial averaging. 

4. TIME-AVERAGED RADIATION CHARTS AND 5-DAY 
MEAN FLOW PATTERNS 

Mean maps of outgoing long-wave radiation for the 
four periods of good data coverage are shown in figures 
7-10. Mean 700-mb. contours and height anomalies for 
the &day periods most nearly coincident with the periods 
of the radiation data were obtained froin the files of the 
Extended Forecast Branch. These mean 700-mb. data 
cover only the Northern Hemisphere poleward of about 
15' N., and unfortunately no similar hemispheric data 
'were available for the Southern Hemisphere. 

Confining our attention first to the portion of the North- 
ern Hemisphere where comparisons with the Aow patterns 
can be made, it may be seen that the fields of outgoing 
radiation changed markedly between late November (fig. 
7) and mid-December (fig. S), while changes were gen- 
erally less pronounced during the remainder of Decem- 
ber and early January (figs. 9, 10). The most outstand- 
ing difference between the radiation fields in figures 7 and 
8 was the greatly diminished values of radiation over 
large portio~is of both middle latitudes and the subtropjcs. 
These changes occurred in association with radical changes 
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FIGURE 6.-Composite nephanalysis for January 1-2, 1961, prepared from operational nephanalyses based on TIROS I1 television 
The numbers of the actual and the “read-out” (R/O) orbital passes and the date and time (z for GAIT) of the pictures are 

CUFM refers to  cumulifornl cloudiness and lines of C U I I ~ U ~ L I S  clouds are indicated by a series of standard 
pictures. 
shown for each pass. 
weather map symbols for fair weather cumulus. 

in the 700-mb. mean flow during these periods. From 
western North Anierica eastward to central Asia the flow 
shown in figure 7 was basically one of flat westerlies with 
ill-defined troughs and ridges at middle latitudes and with 
well-developed zonally-oriented subtropical ridges to  the 
south. The field of height anomalies shows that these 
westerlies were considerably stronger than normal across 
the Atlantic and Europe. By mid-December (fig. S) the 
flow, from the eastern Pacific eastward into Asia, had 
changed into a series of large-amplitude, long waves. The 
height anomalies show that all of these ridges and troughs 
were stronger than normal. Over the east coast of Asia 
and the Pacific a large-amplitude wave pattern mas in existence 
in figure 7 and the change was toward a stronger westerly 
flow in figure 8, but these westerlies were displaced well 
t o  the south of normal, as indicated by the strong negative 
height anomalies over most of the Pacific at middle 
latitudes. These changes were representative of about 
the first half of a very large-scale energy, or index, cycle 
which occurred in the Northern Hemisphere between 
November 1960 and January 1961. Details of this cycle 
were treated in t e r m  of energy parameters in our earlier 
paper [ZO] and in terms of zonal index in the review of the 
circulation and weather of December 1960 by Gelhard [6]. 

Let us return now to our general statement about the 
diminished values of outgoing radiation between late 
November and mid-December (figs. 7 and 8). Detailed 
examiliation of the radiation data relative to the flow 
patterns shows that outgoing radiation tended to be con- 
siderably lower in those areas where the westerlies pene- 
trated farther southward, i.e., the Pacific (only the cen- 

tral and eastern sections can be compared), the eastern 
United States-western Atlantic, southern Europe and 
North Africa, and the Middle East. Some relatively 
high values were still located in these regions, but values 
below 0.30 ly./niin. were more dominant in these zones 
and there were many more centers of pronounced minima. In 
most of these regions these centers of low radiation un- 
doubtedly represented centers of major middle and high 
cloud systems. Over some cold continental regions, such 
as the United States, however, the lower values may have 
resulted mainly from more extensive snow cover and 
lowering air mass and surface temperatures with cold air 
reaching far southward. In  regions where the westerlies 
shifted northward with time (Le., the Atlantic and the 
Kear East where ridges developed) radiation values at  
iniddle latitudes remained relatively high. This would be 
expected in association with these stronger-than-normal 
anticyclonic circulations where pronounced middle and 
high cloudiness would be suppressed and where warmer 
air would be advected toward higher latitudes. 

Similar relationships between the flow and the radiation 
patterns hold in figure 9. Only relatively sinall changes 
in circulation occurred between figures 8 and 9 and in gen- 
eral the radiation patterns changed little. In  the troughs 
over the United States and North Africa the areas of 
lower radiation became more extensive. The increase in 
westerlies across the top of the Atlantic ridge (note the 
niucli stronger contour gradient and the southward-shifted 
positive anomaly center in fig. 9) was accompanied by 
decreased outgoing radiation between latitudes 40O and 
50’N. across the At’lantic, but high values were main- 
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tained south of the westerlies in the subtropical High. 
Memwhile, as the ridge in western North America in- 
creased in amplitude, higher radiation values extended 
northward from the subtropics along the Pacific coast. 

In  the last period shown (fig. IO), the westerlies had 
built up again a t  middle latitudes, particularly over the 
Pacific and over the Atlantic and Europe, but the flow 
pattern did not return to  the same extreme type of high 
index regime as in figure 7. Higher values of radiation 
were becoming more dominant south of the westerlies in 
the subtropical Pacific (compare figs. 8 and 10-data 
coverage was lacking in fig. 9), and over the southern 
United States. However, it  is notable that radiation 
values over the Atlantic north 01 30' N. were lower than in 
any other period. With the weakening ridge and in- 
creased westerlies, cyclonic and frontal activity originating 
near the frontal zone along the southeastern coast of the 
United States was able to penetrate more directly east- 
ward across the Atlantic and hence brought more pro- 
nounced zones of middle cloudiness into the Atlantic than 
previously. Over Europe, North Africa, and the Near 
East relatively low radiation values still persisted, but the 
trough over North Africa had broadened out into a longi- 
tudinally extensive region of cyclonic curvature. 

These comparisons of the time-averaged outgoing long- 
wave radiation with the tinie-averaged 700-mb. circula- 
tion patterns and their anomalies show that there are 
some definite broad-scale relationships between them 
both in space and time. However, it is apparent that the 
detads of the mean radiation fields are not so definitely 
related t o  the flow. Since to  a great extent the radiation 
field is dominated by the cloud fields, the radiation fields 
are more dependent on the locations and intensities of 
cyclones, anticyclones, fronts, and other convergence- 
divergence areas during the time periods considered. As 
discussed by Namias [9] these latter elements are gener- 
ally related to the mean flow pattern, but are also related 
to  such other influences as air mass contrasts, land-sea 
contrasts, underlying surface temperature and moisture 
conditions [lo], and orographic effects. These influences 
are not usually reflected explicitly enough in mid-tropo- 
spheric flow patterns. 

The mean radiation patterns in the Southern Henii- 
sphere did not change as markedly as those in the Northern 
Hemisphere during the four periods shown in figures 7-10. 
However, there were signs of changes taking place in a 
direction somewhat similar to the changes that occurred 
in the Northern Hemisphere. If the latitudinal zone be- 
tween about 20"s. and 45"s. is considered, it niay be 
seen that in late Kovember (fig. 7) the radiation field 
was dominated by high \-alues which were oriented mainly 
zonally, particularly from the Indian Ocean eastward into 
the central Pacific. In mid-December (fig. 8) comparable 
portions of ths latitudinal zone were still basically domi- 
nated by zonally-oriented, high radiation values, although 
some increase in centers of low radiation had occurred. 

Later in December (fig. 9) these areas of lower radiation 
increased just slightly. However, by the last period (fig. 
10) the whole pattern was considerably more meridional, 
with latitudinally extensive regions of low radiation alter- 
nating with regions of high values around most of the 
hemisphere. (Some of these chiiracteristics of the radia- 
tion pattern in this period and their relationship to doudi- 
ness were discussed earlier in connection with the daily 
radiation charts.) This type of change in the radiation 
patterns from zonal to meridional suggests that the wave 
pattern in the Southern Hemisphere may have changed 
from one of relatively high index during late November 
and much of December to  one of relatively low index by 
early January. Unfortunately we do not have conven- 
tional meteorological data on hand at this writing to  con- 
firm, even partially, such an estimate. However, in view 
of the basic relationships found between flow patterns and 
radiation data in the Northern Hemisphere, it is likely 
that with more experience in relating these data to  circu- 
lation one could make some skillful estimates of the statre 
of the large-scale circulation in the Southern Hemisphere. 

For the equatorial regions (;.e., 1O"N. to 10"s.) there 
were unfortunately large gaps in the radiation data in 
figures 7 and 8. The coverage was relatively good in the 
two later periods, however, particularlj- over the Pacific 
and Indian Oceans (figs. 9 and 10). Note that in the 
western Pacific the equatorial area covered by low radia- 
tion values increased markedly between these two periods 
which suggests a major intensification in activity in the 
intertropical convergence zone. On the other hand, pre- 
dominantly high radiation values over the eastern half of 
the equatorial Pacific in both figures 9 and 10 suggest that 
there was virtually no activity in the intertropical con- 
vergence zone in both these periods. Even the limited 
coverage of data in figure 7 suggests that a similar regime 
of low or little cloudiness existed in that region in late 
November. Over the Indian Ocean, Africa, and ap- 
parently South America rather extensive zones of low 
radiation values, and hence extensive cloudiness, existed 
south of the equator in both figures 9 and 10, while across 
the Atlantic there appeared to be only a few active zones 
of low radiation and cloudiness. 

5. TEMPORAL VARIATIONS OF LATITUDINALLY- 
AVERAGED LONG-WAVE RADIATION 

Some of the features of the mean radiation charts dis- 
cussed in the previous section are summarized in figure 
11, where latitudinal profiles for the four periods are 
shown for both the Northern and Southern Henuspheres 
between latitudes 20" and 50'. Also shown %re corre- 
sponding profiles for the zonal kinetic energy in the North- 
ern Hemisphere for the layer 850-500 nlb. For the 
Northern Hemisphere this is similar to figure 3 of [ZOl  
except that the data have been grouped into four periods 
of better data coverage and of more nearly equal length 
than the t h e e  periods used previously. (Astling and 
Horn [I] have also shown the temporal variations of the 
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FIGURE 11.-Latitudinal variations of outgoing long-wave radiation from TIROS TI for Northern (upper left) and Southern (upper right) 
Hemispheres and of zonal kinetic energy in the layer 550-500 mb, for the Northern Hemisphere (lower left) for the four periods of 
good radiation data coverage. Radiation data summarize the fields shown in figures 7-10. 

latitudinal average values of these radiation data for a 
slightly different grouping of mean periods and for d l  
latitudes from 50'N. to 50's.) 

The basic difference between the temporal variations 
of the latitudinally averaged outgoing radiation in the 
Northern and Southern Hemispheres is readily apparent 
in figure 11. I n  the Northern Hemisphere the largest 
decline in outgoing radiation at  all latitudes occurred 
between late November and mid-December, whereas in 
the Southern Hemisphere the greatest drop occurred 
mainly between mid-December and early January. Also, 
it is clear that the radiation in the Southern Hemisphere 
was generally greater and showed less north-south gradient 
than in the Northern Hemisphere. 

In  the Northern Hemisphere the association of lower 
values of radiation in the subtropics (south of about 
40' N.) with increased zonal kinetic energy (westerlies) 
in those latitudes was quite clear, but the changes in ra- 
diation north of 40" N. were not especially related to 
changes in the westerlies. For with a decrease in wester- 

lies in these latitudes it might be expected that there 
would be some net decrease in middle and high cloudiness 
(while clouds were more extensive farther south). How- 
ever, whatever tendency there may be in this direction is 
probably overshadowed in the clear or low cloud areas by 
the effects of lowering temperatures nssociated with out- 
breaks of polar or Arctic air and increased snow cover 
over continental regions. Some evidence for this is pre- 
sented in figure 12 where profiles of mean virtual tem- 
perature obtained from 850-500-mb, thickness are shown 
for the various periods. For the whole Northern Hemi- 
sphere the temporal changes in thickness were relatively 
small (lower left, fig. 12), but when only those points where 
radiation data were available were considered (upper left, 
fig. 12>, the relative variations in the mean teniperature 
profiles in the various periods showed more resemblance 
to the radiation profiles in figure 11, a t  least north of 
about latitude 35" N. This can be seen more readily by 
comparing the changes in these mean temperatures and 
in radiation values (in terms of equivalent black body 
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FIGURE 12.-Left side-Latitudinal variation of mean virtual temperature over the Northern Hemisphere for the four periods coiisidcred 
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temperatures) between the various periods on the right 
side of figure 12. In  general, north of about 35'40' N. 
the changes in equivalent radiation temperatures were 
not very different from the changes in mean temperature 
in the layer 550-500 rub., which tends to support a t  least 
crudely the thesis that lowered air mass temperatures 
could account for the lowered outgoing radiation at  these 
latitudes. On the other hand, south of 35' IS., particu- 
larly between periods 1 and 2 ,  the changes in radiation 
were poorly related to temperature changes. This is as 
expected since our earlier examination of the flow and 
radiation patterns definitely suggested that increased mid- 
dle and high cloudiness were responsible for the decreases 
in outgoing radiation. 

6. COMPARISON OF THE LATITUDINAL DISTRIBUTION 
OF OUTGOING LONG-WAVE RADIATION DERIVED 
FROM TIROS I1 WITH THEORETICAL STUDIES 

In  our earlier study [20] overall latitudinal average 
values for outgoing long-wave radiation measured by 
TIROS I1 between 20' N. and 55" N. were shown in com- 
parison with theoretical values of Houghton [7], London 

181, Raethjen [12], and Simpson [14]. Figure 13 shows the 
overall averages of each day's latitudinally averaged ra- 
diation for the entire latitudinal range of TIROS TI as 
compared with t,heoretical estimates by all of the above 
investigators and also by Baur and Philipps [4]. As was 
noted for the Northern Hemisphere in [20], the values of 
outgoing long-wave radiation derived from TIROS I1 
measurements during the 26 selected days of good data 
are generally in fair agreement in magnitude and lati- 
tudinal variation with previous estimates based on theory 
and empiricism. The closest overall agreement for the 
Northern Hemisphere is with London's estimate, which is 
the most recent of those shown. In the Southern Hemi- 
sphere the only comparison possible is with Simpson's 
curve, which is much lower than the curve of TIROS 
values, but generally shows some resemblance in lati- 
tudinal variation. 

The maxima of outgoing radiation in the subtropics 
near 20"N. and 20"s. are rather clearcut in the TIROS I1 
curve. It is interesting that the maximum in the South- 
ern Hemisphere is slightly greater than the maximum 
in the Northern Hemisphere, which is contrary to  Simp- 
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charts were prepared between late November 1960 and early January 1961, in comparison with estimates made by several investiga- 
tors of the heat budget. 

son's estimate that the maximum in the Southern Hemis- 
phere would be the lower of the two in these months, 
mainly because of relatively high cloud amounts in the 
Southern Heniisphere in summer. However, the gradient 
of radiation between the subtropical maximum and about 
latitude 40" in the TTROS curve is stronger in the 
Northern than in the Southern Heniisphere, which tends 
to agree with Simpson's relative gradients for this time 
of year. One interesting feature of the TIROS curve, 
which is not indicated in any of the theoretical studies, 
is the weak double minima at  about 8'N. and S"S. and 
the weak maximum near the equator. This suggests 
that on the average for all longitudes there may be two 
zones of maximum convergence straddling the equator. 

Naturally all of these characteristics of the TIROS 
radiation profile and its comparison with the other curves 
in figure 13 must be considered highly tentative in view 
of the relatively sniall data sample, the highly variable 
geographical coverage (fig. I) ,  the variable time of day 
at  which observations were made, and some uncertainty 
about proper instrument calibration and proper limb- 
darkening corrections. For example, bias in the sample 

of data due to the predominance of low-index type flow 
in the Northern Hemisphere during the period, as was 
demonstrated earlier, could mean that the average 
TIROS I1 radiation values in the Korthern Hemisphere 
were generally somewhat lower than values representa- 
tive of a circulation pattern closer to the normal state 
for this time of year. 

It is interesting too t8hat differing methods of selecting, 
averaging, and/or adjusting the TIROS I1 measurements 
for the whole period of record result in some not insigni- 
ficant differences in latitudinal profiles of outgoing radia- 
tion (compare fig. 6 of [l] and fig. 3 of [Ill with fig. 13). 
These differences indicate that there are very likely- some 
uncertainties in the quality and proper physical treatment 
of the data, but unfortunately they also indicate some 
differences of opinion concerning the proper statistical 
procedures for obtaining mean latitudinal values for the 
period of the TIROS I1 record. 

7. CONCLUSION 

Despite many uncertainties in the reliability of the 
TIROS I1 radiation data and the relatively small and 
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inconiplete global sample of data available, broad-scale 
examination of the values of outgoing long-wave radiation 
derived from the TIROS measurements indicates some 
definitive relations to the planetary flow pattern and its 
temporal variations. In  particular the values of out- 
going long-wave radiation in the sub tropics and middle 
latitudes are rather high at the beginning of an energy (or 
index) cycle; i.e., when north-south thermal gradients are 
strong (high zonal available potential energy) and the 
westerlies are and have been strong and relatively flat at 
middle latitudes (high zonal index). Marked decreases 
in the outgoing long-wave radiation are found in the low 
zonal available potential energy (or low index) stage of 
the cycle, where the westerlies, cold air, and increasing 
cyclonic activity have penetrated into the subtropics and 
lower middle latitudes in many places. At the early re- 
covery stage of the cycle (when thermal gsadients and 
westerlies begin to build up in middle latitudes again), the 
long-wave radiation still remains relatively low, ap- 
parently because of cloudiness associated with fronts and 
cyclones which still persist in association with the previous 
equatorward displacement of strong thermal gradients. 

Variations in long-wave radiation over the Southern 
Hemisphere were not as great as in the Northern Hemi- 
sphere, but a type of variation similar to that in the 
Northern Hemisphere did occur. The radiation pattern 
in the subtropics and lower middle latitudes similarly 
changed from one of zonally-oriented high values to a 
more meridional type of alternating high and low values,’ 
which in view of ‘the associations found in the Northern 
Hemisphere clearly suggested that the circulation changed 
from a zonal to a more meridional type (first half of an 
energy, or index, cycle). Thus it is apparent that satellite 
radiation data can provide not only direct, comprehensive 
observations of radiation in the Southern Hemisphere, but 
also some indirect estimates of the state of the large-scale 
circulation there. 

Over equatorial regions the TIROS data showed vari- 
ability of outgoing radiation (and hence activity) in the 
intertropical convergence zone both in space and time. 
Data were insufficient to show any clearcut relationships 
to radiation fields and/or flow patterns in parts of the 
Northern and Southern Hemispheres poleward of about 
55” latitude, but the potential for investigating such re- 
lationships when more comprehensive data become avail- 
able in the future is very evident from the planetary-scale 
radiation fields examined in this study. 
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